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8 Claims. (CJ. 318—224) 

This invention relates to rotary electric machines and 
particularly to three-phase squirrel cage induction motors 
having a running speed which may be varied continuously. 

Induction motors are known having separate windings 
providing alternative pole-numbers and therefore alter- 
native speeds when either one or other of the windings 
is energised. Since only one of the two winding is used at 
either speed, such motors are obviously uneconomical 
However, close ratios of alternative speeds are possible 
with such machines. 

Pole-changing squirrel cage induction motors are also 
.cnown having phase-winding switching arrangements by 
means of which alternative numbers of poles are pro- 
vided by means of a single winding. Such motors may 
then be operated at atlernative fixed speeds related to 
each other inversely as the pole-numbers provided. Such 
alternative pole numbers and speeds are commonly in 
the ratio of 2:1 or 3:1. 

_ Recently, a more sophisticated method of pole-chang- 
mg has been devised and is known as "pole amplitude 
modulation." This method, in one of its forms, is de- 
scribed m a paper by Professor G. H. Rawcliffe R F 
Burbidge and W. Fong, "Induction-Motor Speed-Chang- 
ing by Pole-Amplitude Modulation," published in Proc 
I.E.E., vol. 105, part A, No. 22, August 1958, page 411 
et seq. 

The method described in this paper relates to windings 
for alternative pole-numbers neither of which is a multiple 
of three. In such cases all three phase-windings are sim- 
■llary modified for pole-amplitude modulation. 

It is possible to apply the method of pole-amplitude 
modulation to windings for alternative pole-numbers one 
ot which is a multiple of three, but two of the three phase- 
wmdmgs require to be modified in a more complicated 
manner. In such cases, one of the phase^windines is 
modified exactly as explained in the paper referred to 
above The coils of the other two phase-windings are 
considered as though divided into two components, which 
form respectively one-third and two-thirds of each coil 
and are spaced from each other by one pole-pitch. The 
same modulating pattern which was applied to the coils 
ot the first phase-winding is applied to both the said com- 
ponents of the second and third phase windings to pro- 
vide a resultant modulation pattern which is substan- 
tially the same for all three phases. 

An operating circuit arrangement has now been de- 
vised, for machines having alternative pole-numbers by 
pole-amphtude modulation, which enables the single 
winding to be energised simultaneously in the two ways 
formerly regarded as alternatives, and described as such 
m the technical paper referred to. This novel operating 
circuit thus permits of producing rotating fields of two 
pole-numbers simultaneously, the one pole-number being 
the basic pole-number for which the winding is construct- 
ed and the second being the alternative pole-number pro- 
vided by pole-amplitude modulation. 

Furthermore, by continuous variation of the relative 
energisation of the winding by the two modes, the op- 
erating speed can be varied continuously between the two 
limiting speeds corresponding to the two pole-numbers. 
So far as the present invention is concerned, a machine 



providing two alternative pole numbers by the method 
of pole-amphtude modulation is regarded simply as a two- 
speed, three-phase machine having six terminals fed in 
alternative groups of three to provide the alternative 
5 speeds. 

An understanding of the theory of pole-amplitude 
modulation is not necessary for an understanding of the 
present invention. How the present invention may be 
earned into practical effect is fully explained by examples 
10 herein Reference to the said technical paper is given 
solely for the purpose of explaining why the invention op- 
erates in the way described. 

The present invention provides a control circuit ar- 
rangement for controlling the speed of a three-phase 
IS pole-changing motor, said motor having three phase- 
wmdings for providing a first pole-number when energised 
m a first manner and for providing a second pole-number 
by pole-amphtude modulation when energised in a second 
manner^ at least the major part of each of said three 
20 phase-windmgs comprising two groups of series-connect- 
ed coils connected from separate end terminals to a 
common mid terminal, said first and second manners of 
energisation comprising series-connection and parallel- 
connection respectively of said two groups of coils of 
25 each phase-winding, supply connections from a first three- 
phase supply to said mid terminals of the three phase- 
windings, supply connections from a second three-phase 
supply to said end terminals of the three phase-windings 
and control means for simultaneously and oppositely 
30 varying the amplitudes of said first and second three-phase 
supplies. 

One form of the invention provides such a control 
circuit arrangement in which said supply connections from 
said first three-phase supply includes coils of the three 
35 Phasc-wmdmgs not included in said two series-connected 
groups. 

The supply connections from the second three-phase 
supply may include a three-phase transformer. In such 
case each secondary winding is conveniently connected 
40 to the end terminals of one phase-winding. Further, 
the secondary windings may be centre tapped and joined 
at the centre taps. 

The centre points of the three centre-tapped secondary 
windings, when connected together, provide the centre 
45 point ot a parallel-star connection of the phase-windings 
The primary windings of the three-phase transformer 
may be connected either in star or in delta. The three 
secondary windings provide, at their extremities, the three 
phases required for energisation of the phase-windings 
50 with the two coil groups in series. When the phase- 
windings are supplied in this manner through a three- 
phase transformer, the distinction between star-connection 
and delta-connection disappears. 

According to a preferred form of the invention, a dif- 
55 terential voltage regulator has its input supplied from a 
three-phase supply and provides two three-phase outnut 
voltages which may vary oppositely in magnitude. The 
dirrerential voltage regulator may be of any of the well- 
jenown forms. For example, it may be an induction regu- 
G0 lator or it may be a variable transformer providing two 
oppositely variable voltages by means either of two sliding 
contacts, providing continuously-variable outputs, or by 
means or switched tappings, providing stepwise variation 
of outputs. 

05 One output voltage energises the two coil groups of 
each phase winding in parallel and the other output volt- 
age js supplied to the three-phase transformer primary. 
Adjustment of the induction regulator varies the am- 
phtudes of the two output voltages in opposite senses. 
,u In a particularly advantageous form of the invention, the 
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two outputs of the induction regulator arc so related at 
ail times that the sum of the two voltages, added in phase, 
is a constant. 

order that the invention may be carried into practical 
effect, the general principle thereof and a number of 
specific embodiments will now be described in detail, by 
way of examples, with reference to the accompanying 
drawings, of which: 

FIGS. 1(a) and 2(a) are circuit diagrams showing the 
three phase-windings of a three-phase induction motor in 
parallel-star (unmodulated) and series star (pole-am- 
pliiude modulated) connections respectively; 

PEGS. ]{b) and lib) are the corresponding representa- 
tive diagrams; 

FIGS. 3{\-7) and 4(a) are diagrams showing corre- 
sponding three phase-windings in parallel-star (mod- 
ulated) and series-delta (unmodulated) connections re- 
spectively; 

FIGS. 3(6) and 4{b) are the corresponding representa- 
tive diagrams; 

FIG. 5 is a schematic circuit diagram showing three 
phase-windings according to FIGS. 1(a) and 2(a) or 
FIGS. 3 (a) and 4(a) in a supply circuit arrangement, 
according to the present invention; 

FIG. 6 is a slot winding diagram of a three-phase ma- 
chine having three phase-windings for connection in the 
alternative ways shown in FIG. 1 and FIG. 2 to provide 8 
poles unmodulated and 10 poles modulated; 

FIG. 7 is a slot winding diagram of a three-phase ma- 
chine having three phase-windings for connection in the 
alternative ways shown in FIG. 4 and FIG. 3, to provide 
10 poles unmodulated and 8 poles modulated; 

FIG. 8 is a winding diagram of a three-phase machine 
having three phase -windings for connection in the alterna- 
tive ways shown in FIG. 1 and FIG. 2 to provide 4 poles 
unmodulated and 6 poles modulated. In this figure a 
different schematic connection is used for the purpose of 
showing, in addition to the slot number of each coil, the 
position (top or bottom) in the slot and relative number 
of turns; and 

FIGS. 9(a) and 9(b) are slot winding diagrams of a 
three-phase machine having three phase-windings for 
connection in the alternative ways shown in FIG. 10 and 
FIG, 11, to provide 10 poles unmodulated and 4 poles 
modulated. 

In FIGS. 1(a), 2(a), 3(a) and 4(a) the three phase- 
windings of a three-phase induction motor are shown and 
indicated by similar reference numerals distinguished, for 
the three phase-windings, by no accent, one accent or 
double accents, respectively. Each phase-winding com- 
prises a major part, wound in two similar halves and 
connected between outer terminals 11 and 12, a terminal 
13 representing the junction of the two halves. A further 
phase-winding part, which is connected in circuit only in 
the unmodulated connection, is connected between ter- 
jninal 13 and a further terminal 14. 

For the parallel-star (unmodulated) connection the 
terminals 11 and 12 of each phase-winding form the centre 
point of the star and may, if desired, all be connected to- 
gether. The three phase supply voltage lines are then 
connected to the star points at terminals 14, 14' and 14". 

For the series-star connection of FIG. 2(a), the ter- 
minals 12, 12' and 12" are connected together and form 
the centre point of the star. The three phase supply lines 
are then connected to the star points at terminals 11, 11' 
and 11". The winding part between terminals 13 and 14 
is then not energised. 

For the series-delta connection of FIG. 4(a), the ter- 
minals 11 of one-phase winding is connected to the ter- 
minal 12 of the next phase-winding. The three phase 
supply lines are then connected to the delta points corre- 
sponding to these junctions of consecutive phase-windings. 

Reference is directed to FIGS. 6 to 9, described later 
herein, for the physical details of phase-windings exem- 
plifying the application of phase-amplitude modulation. 
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It is sufficient for the full understanding of the present 
invention to accept that, where the examples of FIGS. 
6 and 8 and FIGS. 1 and 2 are concerned, the parallel-star 
connection provides a machine wound and energised iden- 
5 ticaiiy to a standard 8-pole or 4-pole induction motor, 
respectively, whereas the alternative series-star connection 
results in the reversal of current flow in one of the phase- 
winding halves, cither between terminals 11 and 13 or 
terminals 12 and 13, together with the omission of the 
10 poles constituted by the coils in the phase-winding part be- 
tween terminals 13 and 14. 

In the machine of FIG. 7, an example has been given 
wherein the modulated connection is provided by a par- 
allel-star arrangement of the phase-winding parts and the 
15 unmodulated connection by a series-delta arrangement. 
The effect of this pole reversal, and coil-omission in 
the cases where this occurs, is to provide, for each phase, 
a mixed field corresponding to two pole -numbers, the 
one above the original (unmodulated) pole number and 
£0 the other equally below the unmodulated pole-number. 
In the resultant three-phase field, due to the three phase- 
windings, one of the mixed fields has the three phase- 
components superimposed and is therefore suppressed. 
The field corresponding to the other pole-number of the 
25 mixed field remains and constitutes a three-phase field 
having the three phases spaced by 120° (electrical), as 
is required for the winding of an induction motor. In 
the modulated connection, therefore, a field correspond- 
ing to an alternative pole-number and providing an alter- 
30 native running speed is provided with the same stator 
winding as is used for the original (unmodulated) pole- 
number and running speed. 

In the machine of FIG. 9, the unmodulated connec- 
tion is provided by a series-star arrangement of the 
35 phase-winding parts and the modulated connection by a 
parallel-star arrangement. Moreover, the modulated ar- 
rangement is simplified in that no coils are omitted from 
circuit. In this case also, a mixed field of two pole-num- 
bers is produced but the unwanted pole-number is elimi- 
40 nated by chording. 

Although not specifically described herein, it should 
be understood that in the examples of FIGS. 6 and 8 and 
FIGS. 1 and 2 the series-star connection might be used 
for the unmodulated energisation of the primary wind- 
45 ing and the parallel-star for the modulated connection. 
Similarly in the example of FIG. 7 and FIGS. 3 and 4, 
the series-delta connection might be used for the modu- 
lated connection and parallel-star for the unmodulated. 
This would merely require, in the windings of FIGS. 6 to 
50 8, appropriate connection in sense of the coils of the two 
half-windings and pole omission by neutralisation instead 
of coil omission. 

Correspondingly, for the machine of FIG. 9, the un- 
modulated condition might correspond to the parallel - 
55 star connection and the modulated condition to the series- 
star connection, merely by the reversal in sense of one of 
the phase-winding parts. 

Referring now to FIG. 5, in which corresponding parts 
are indicated by the same reference numerals as in FIGS. 
60 I to 4,^ the operation of the circuit arrangement will be 
immediately appreciated when it is understood that the 
three phase-windings are energised simultaneously in the 
two modes, one of which provides the unmodulated condi- 
tion, and pole-number, and the other of which provides 
Q5 the modulated condition, and pole-number. 

The unmodulated condition, referring this example to 
the cases of FIGS. 1 to 4, is provided by supplying ter- 
minals 14, 14' and 14", as in FIGS. 1(a) and 3(a). The 
modulated condition is provided by supplying each phase- 
70 winding at its extremities, as in FIGS. 2(a) and 4(a). 
Instead of a direct connection from the supply lines, how- 
ever, an intermediate three-phase transformer must be 
used. 

If the energisation corresponding to one condition, say 
75 the unmodulated condition, is nil and the energisation cor- 
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Sn Z c • condition - modulated condi- 

the < „ J? - " maxunun ». then th ^ motor runs at 

If on tl- T CSPOndll, \ t0 the modu ^ted pole number. 

U on the contrary, the modulated energisation is nil 

Kprnumbf* SPC6d COrreS f° ndln S t0 the unmodtt- 
If the energisation of the primary winding corresponds 
partial y to the modulated condition and partially to "the 
unmodulated condition, the motor runs at a speed inter 10 
mediate between the modulated and unmoduIaS spTed 
It, m tne last case, the primary winding energisation 

Se Uv^ m ° dlllated COndit, '° n *W S 
-i t w energ.sat.on corresponding to the un 

rnlr 4 d p , COnd ' tIO t n iS C0 ' res P°^n 8 ly increased the l S 
motor speed ,s continuously changed in the sense of the 
unmodulated speed and vice versa 

v J^inrA ?° t0r iS p t rovided h ^ing continuous speed 
a sTn le nn^ Veen tW ° Ilmitin S ^eeds in close ratio, using 

a single primary winding. 

re^l a f tor n 'o n rJ> 2 ' reater de ' ail t0 FIG - 5 > an ^tion 
regulator 20 lias Us input supplied from a three-phase 

25 P t! ere o ' n o 21 ' *? * nd by COnncctio " 24 "ltd 
„',f ret0 - , 0ne output volta § e from the regulator 20 
S™ 1 ™ 2 '' 28 ^ » and is supplied to the 25 
parallel-star po.nts at terminals 14, 14' and 14" resDec 
Uvely The other output voltage from the regulatofao 
E o?^, 31 : 32 and f and is supplfedlo the 
at T« Th, t ; Ph3Se transf0 "»er indicated generally 
41 % ^transformer 40 has three primary winding 30 
41, 42 and 43 connected in delta between terminal 4a 
45 46 to wh,ch the lines 3!, 32, 33 are respectively con! 
nected The transformer 40 has three cen rc tapped 

Ss lI sTha" 85 fiKt 

nfic - . ha ^" ng a centre ta P 51 < ^e second com- 35 

and "heThl^o - 53 ' 54 haVing a cc,1tre ^ » 

a ceSre tt Vo tk mS ■*3? dinB halVes 55 ' 56 having 
a centre tap 3 9. The winding halves 51, 52 are con 
nected between terminals 11, 12, the wind ng halves 53 
54 be ween terminals 11', 12' and the winding ha ves 55 *° 

It wIq" thC t5rminals 12 '' The «ntrc taps 57 
and 59 are connected together at terminal 60. 

14" tb! f para,Iel - star connection at terminals 14, 14' and 
parallel 53, 54 in parallel and 55, 56 in parallel enn ,r 
SlVlZ imP ^r COnneCti0n fr-™ thTSmTai 45 
at te^mTna. 6 O 0. eaCnPhaSe - Wmdln2 t0 the Star ""tn, point 
. In the example given, the sum of the two outputs of the 
induction regulator 20 is a constant value so S what r ft 
ever the regulator setting, the primary wind n ?'o7 the °° 

™ two 1 mod V e7of fU '' y eDergiSed ' by the combination S 

in^ two modes of energisation 

e'.c?^-l? rf h Sa% a m f hine haVing three Phase-windings, 
5£ .1 S u P ° IeS "^^lated, wound on a 48 55 
slot stator. In the modulated condition, the three phase- 
winding separately provide a mixed 6-poie, and 10-pole 
« 1 J h £P hase " Wj nding spacings are so chosen that the 
6~po e fields are cancelled out in the three-phase field and 
thelO-pole field is the operative modulated condition. 60 

The key to the phase interconnections shows not only 
he phases of the various phase-windings but also the 
terminal connections of the phase-winding parts cor- 
responding to FIGS. 1(a) and 2(a), 

The three phase-windings are connected in parallel- a* 
star as shown in FIG. 1(a) for the unmodulated condi- 
tion and m series-star, as shown in FIG. 2(a), for the 
modulated condition. 

The spacing between phases in sixteen slots which cor- 
responds to 120° mechanically around the stator axis 70 
Tins spacing results in the super-imposition, and hence can- 
cellation, of the three 6-pole field components, while ieav* 
ing the 10-pole field components spaced at 120° electrical 
as required for a three-phase field. 

In FIG. 7, the machine comprises three phase-windings 75 



wound on a 54-sIot stator. Each phase-winding b a frac- 
tional-slot winding providing a coil group per phase of: 

+ 1+2 + 3+2+1 +1+2 + 3 + 2+1 (unmodulated) 
and 

+ 1+2 + 3 + 2+1 -1-2-3-2-1 (modulated) 
The key to the phase interconnections shows also the 
terminal connections of the phase-winding parts corre- 
sponding to FIGS. 3(a) and 4(a), 

The three phase-windings are connected in delta as 
shown in FIG. 4(a) in the unmodulated condition to pro- 
vide a 10-pole field and in parallel-star, as shown in FIG 
3(ff) m the modulated condition to provide an 8-pole field 
In the machine of FIG. 8, the three phase-windings are 
wound on a 36-slot stator. Each of the three phase-wind- 
ings is arranged in three parts, as shown in FIGS. 1(a) 
and 2(a) Two parts are series connected between termi- 
nals 11, 13, 12 and the coils of these two parts each con- 
tain a given number of turns n. The third part is con- 
nected between terminals 14, 13 and each coil thereof has 



(i) 



turns of wire of twice the cross sectional area. 
t In the unmodulated, 4-pole connection, the phase-wind- 
ing parts arc connected in a parallel-star arrangement, as 
shown in FIG, 1(a). I n the modulated, 6-pole connec- 
tion, the phase-winding parts are connected in a series- 
star arrangement, as shown in FIG. 2(a). 

Referring again to FIG. 5, the arrangement there shown 
for the energisation of the phase-windings simultaneously 
in the unmodulated and in the modulated condition may 
now be related to the slot winding diagrams of FIGS 6 
i°to 4^ ^ PreViOLlsJy t0 the circuit diagrams of FIGS. 

The machine of FIG. 9 differs from those of FIGS 6 to 
&, in that it provides two pole numbers, in the unmodu- 
lated and modulated conditions, which are in wide ratio 
namely 10:4, instead of the close ratios of the machines of 
rIGS. 6 to 8. 

The machine of FIGS. 9(a) and 9(b) has three phase- 
wmdings wound on a 30-slot stator. All three-phase wind- 
ings and the positions of the coil runs thereof in the slots, 
whether at top or bottom of the slot, are shown in FIG 
f»u L t££ C o^ y ' S£ ly ° ne P has ^winding is shown in 
full m FIG 9(b). The other two phase-windings, being 
exactly similar, but spaced by 10 slots, which is one third 
of the perimeter, may be followed from that shown. 

Ihe references to the phase-winding parts correspond 
to those of FIGS. 10 and 11. The terminal references 
correspond to FIGS. 10 and 11 and, generally, to FIGS 
Ha) and 2(a) also. However, it will be noted that there 
is no branch phase-winding part and hence no termi- 
nals 14. 

t In the unmodulated, 10-pole condition, the phase-wind- 
ing parts 121, 122 and so on, are connected in a series- 
star arrangement, as shown in FIG. 10. The three phase- 
windings, so arranged, are supplied by leads U3, 124 and 
12o tro-m a three-phase supply 131, 132 and 133 

Jl% m ?^f' 4 " P ° Ie condlti ™> phase winding 
pans ijri, lzz and so on are connected in a parallel-star 
arrangement, as shown in FIG. 11, The three phase-wind- 
ings, so arranged, are supplied by leads 123, 124 and 125 
from the three-phase supply 131, 132 and 133. 

Relating now the circuit arrangement of FIG. 5 to the 
machine of FIG. 9 it will be apparent, from a comparison 
of FIG. 1(a) or FIG. 3(a) with FIG. 11 that the phase 
winding part between terminals, 13, 14 is omitted and that 
tne supply must be connected directly to terminal 13 

Hence, m FIG. 5, the terminals 14, 14' and 14" are di- 
rectly connected to the terminals 13, 13' and 13" of the 
machine of FIG. 9. 

* V 0 ^^ the exam P le s described with reference to 
MGb. 6 to 9 in the circuit of FIG. 5, it should be recog- 
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msed that any method of squirrel-cage induction-motor 
speed control which involves running at a speed other than 
near synchronism results in rotor power losses This 
however, is not unacceptable, havine regard to the con- 
tinuously variable control of speed obtained by the cir- 
cuit of FIG In such a case it may be desirable to pro- 
vide internal forced ventilation of the motor. 

The power loss depends directly on the extent of de- 
parture from synchronous speed, that is on the "slip " The 
machines of FrGS. 6, 7 and 8 differ by only 2 poles as re- 
gards their alternative pole numbers. These machines 
partrcularly those of FIGS. 6 and 1, thus permit the ad- 
vantages of speed control to be achieved with small power 
tosses, since the mean speed is not greatly different from 
either synchronous speed. 

With the machine of FiG. 9, however, an alternative 
advantage is available. With a close-ratio speed-changin- 
motor, the motor is likely to be run at or near the mean 
speed. At the mean speed, the driving torque is consider- 
ably less than at either of the limiting synchronous speeds. 
With a wide-ratio speed-changing motor however, a small 
part of the full possible variable speed range can usually 
be chosen as the working range. If the working speed 
range can be placed so as to include one of the synchro- 
nous speeds, the requirements of limited "slip" and well- 
mamtained torque over the speed range are both satisfied. 

A further development of the circuit arrangement of 
SS.' i'l r SSlb G * - In the fore g° in g description, it is im- 
plied that the induction regulator 20 is set manually to give 

me hods well-known m the art, the adjustment of the reg- 
ulator 20 may be adjusted automatically in the sense to 
increase or decrease motor speed, as load is imposed or 
removed respectively. By such means, the motor speed 
can be maintained constant automatically with varying 
motor load. 
What I claim is; 

.ni^/ 01 ^ 01 d u CUit arran eement for controlling the 
speed of a three-phase, squirrel case, pole-changin| in- 
duction motor, said motor having three phase-windings 
for providing a first pole-number when energised i t il 
iu-st manner and for providing a second pole-number by 
pole-amplitude modulation when energised in a second 
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manner^ at least the major part of each of said three 
phase-windings comprising two groups of series-connected 
coils connected from separate end terminals to a com- 
mon mid terminal, said first and second manners of en- 
ergisation comprising series-connection and parallel-con- 
nection respectively of said two groups of coils of each 
phase-winding, supply connections from a first three-phase 
supp y to said mid terminals of the three phase-winding 
supply connections from a second three-phase supply to 
said end terminals of the three phase-windings and con- 
trol means for simultaneously and oppositely varying the 
amplitudes of first and second three-phase supplies 
( 2. A control circuit arrangement as claimed in claim I 
in which said supply connections from said first three- 
phase supply includes coils of the three phase-windings 
not included m said two series-connected groups. 
m 3. A control circuit arrangement as claimed in claim 1 
m which said supply connections from said second three- 
phase supply includes a three-phase transformer 
* 4 \ A 1 con f r f ° I circuit arrangement as claimed in claim 3 
in which said three-phase transformer has three secondary 
windings, each secondary winding being connected to 
said end terminals of one phase-winding, 

5 A control circuit arrangement as claimed in claim 4 
25 m which said three secondary-windings are centre-tapped 
said centre taps being connected together to provide a 
centre-point of a paraliel-star connection of said phase- 
windings. 

6. A control circuit arrangement as claimed in claim 5 
in which both said first and said second three-phase sup- 
plies are derived from the outputs of a three-phase induc- 
tion regulator said regulator serving as said control means. 
^ 7, A control circuit arrangement as claimed in claim 6 
in which the outputs of the three-phase induction reg- 
ulator are so related at all times that the sum of their am- 
plitudes, added in phase, is a constant. 

8, A control circuit arrangement as claimed in claim 1, 
in which both said first and said second three-phase sup- 
plies are derived from the outputs of a three-phase induc- 
tion regulator, said regulator serving as said control 
means. 

No references cited. 
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